Val-Geninthiocin (2), a new member of thiopeptide antibiotics, was isolated from the mycelium of Streptomyces sp. RSF18, along with the closely related geninthiocin (1) and the macrolide, chalcomycin. By intensive NMR and MS studies, Val-geninthiocin (2) was identified as desoxygeninthiocin, a thiopeptide, containing several oxazole and thiazole units and a number of unusual amino acids. Compound 2 shows potent activity against Gram-positive bacteria and minor antifungal activity, while it is not effective against Gram-negative bacteria or microalgae. Here we describe the fermentation, isolation and structure elucidation as well as the biological activity of 2.
Introduction
Thiopeptide antibiotics are forming a group of cyclic peptides characterized by several common structural features, such as oxazole and thiazole units and unusual amino acids; especially dehydroamino acids are typical [1, 2] . Thioxamycin [3] , berninamycin A [4] , sulfomycin I [5 -7] , and A10255 [8] e. g. possess the thiazole-pyridine-oxazole substructure, while thiocillin I [9, 10] , micrococcin P [11] and GE2270 A [12] are characterized by a thiazolepyridine-thiazole moiety. Thiopeptides have been used as antibacterial agents against Gram-positive bacteria and anaerobes, including pathogens resistant to antibiotics currently in use [13, 14] , and also have potential as growth inhibitors of the human malaria parasite [15] . They were discovered as antibiotics in diverse bacteria including Streptomyces, Bacillus, and Micrococcus [16, 17] . Thiopeptides have been proved later as effective growth promoters for domestic animals [17, 18] . Most of the thiopeptide antibiotics inhibit protein synthesis in bacteria and share a common mode of action [19] . Thiostrepton, whose antibiotic activity is best understood, acts by binding tightly to the prokaryotic ribosome and thus inhibits translation [19, 20] . Geninthiocin (1) is known as an activating agent for transcription of the tip A promoter in streptomycetes [21] .
0932-0776 / 08 / 1000-1223 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com In our search for new antibiotics from terrestrial bacteria, the crude extracts of Streptomyces sp. isolate RSF18 showed a potent activity against the Grampositive bacteria Bacillus subtilis, Staphylococcus aureus and Streptomyces viridochromogenes (Tü 57), beside a weak antifungal activity against Mucor miehei (Tü 284) and Candida albicans. Extraction of the mycelia cake followed by a series of chromatographic steps afforded two thiopeptides, geninthiocin (1) and the new closely related Val-geninthiocin (2) as two colorless solids. Val-Geninthiocin (2), a desoxy-derivative of geninthiocin (1) , is an UV absorbing middle-polar substance, which turned yellow by spraying with anisaldehyde/sulfuric acid reagent. Extraction of the filtrate afforded chalcomycin, a well-known macrolide antibiotic [22] .
Results and Discussion
Well-grown agar plates of strain RSF18 were used to inoculate 60 of 1 L Erlenmeyer flasks, each containing 250 mL of M 2 medium. The fermentation was carried out at 95 rpm on a linear shaker for 7 d at 28 • C, forming a yellowish brown culture broth. After harvesting, the broth was filtered over Celite, and the filtrate was adsorbed on Amberlite XAD-16 resin, followed by elution with methanol. After concentration, the aqueous residue was further extracted with ethyl acetate followed by evaporation in vacuo, yielding 1.30 g of crude extract. The mycelial cake was extracted with ethyl acetate followed by acetone; evaporation and re-extraction with ethyl acetate delivered in a similar way 6.85 g crude extract. TLC of both extracts from water and mycelia, respectively, showed a completely different metabolic pattern. Work-up of the mycelial extract using a silica gel column and size exclusion chromatography resulted in geninthiocin (1; 78.6 mg) and a second closely related peptide (2; 27.5 mg), as the NMR data indicated. Separation of the filtrate extract delivered chalcomycin (19.8 mg) as a white solid.
HRMS of the main peptide isolated from Streptomyces sp. RSF18 delivered the formula C 50 H 49 N 15 -O 15 S, while the minor component had the composition C 50 H 49 N 15 O 14 S. A data base search pointed to geninthiocin (1) for the former one, while the second product was new. As part of our ongoing structure elucidation of cyclopeptides by MS methods, it was of interest to investigate the fragmentation behavior of both metabolites in parallel. For this purpose, MS 2 and MS 3 experiments using a quadrupole ion trap were performed (Table 1) , and additionally, high-resolution CID-MS/MS measurements were carried out on a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer to determine the elemental composition of key fragments ( Table 2) .
Tandem mass spectrometry is a very powerful method for sequence analysis of peptides and proteins. The fragmentation of linear peptides was described comprehensively, and detailed knowledge of the fragmentation mechanism has been obtained [23, 24] .
However, the structure analysis of cyclic peptides, which represent an important class of bioactive natural products, by mass spectrometry remains a challenging task. Complex fragmentation patterns by two-bond cleavage at different ring positions, ring-opening reactions and uncommon rearrangement reactions complicate the interpretation of CID-MS/MS spectra [25, 26] . Frequently, higher-order MS n investigations are required. Furthermore, cyclic peptides produced as secondary metabolites by bacteria often contain uncommon amino acid residues leading to different fragmentation reactions. In general, for sequencing linear peptides, fragmentation of the [M+2H] 2+ ions is used successfully, but in the case of geninthiocin (1) and its minor congener, fragmentation spectra of those ions were dominated by doubly charged fragment ions without significant sequence information. Furthermore, [M+2H] 2+ ions were observed with very low intensity under (Fig. 1) .
Beside an unspecific loss of H 2 O, CO, and NH 3 , the following main fragmentation pathways were observed (Latin numbers correspond to the fragments indicated in Fig. 2 ):
I. Cleavage of a single amino acid residue unit from the peptide ring system was found basically for Hyval (−115 Dalton) in 1 and Val (−99 Dalton), respectively, for 2 (cleavage of two CO-NH peptide bonds). Therefore, the structural difference between both compounds could be allocated at this amino acid at a very early stage.
II. Cleavage of a single amino acid residue unit from the peptide ring system by fragmentation of one CO-NH peptide bond and one CH 2 =C-NH bond (H-Oxa-NH 2 , H-Hyval/Val-NH 2 , H-Deala-NH 2 ) was detected. Obviously, the -NH-C=CH 2 -bond between Oxa(1)-Deala(1) and Oxa(3)-Deala(2) as well as between Deala(2)-Oxa(2) and Hyval/Val-Oxa(3) can be broken favorably leading to a second preferred fragmentation pathway beside peptide bond (-CO-NH-) cleavage.
III. Cleavage of Oxa-Deala dipeptide units with high preference resulted in the prominent fragment ion peaks at m/z = 913 (1) and 897 (2), respectively. Furthermore, fragmentation of Deala-Hyval/Val occurred with lower intensity.
IV. Cleavage of the tripeptide unit Hyval/Val-OxaDeala gave the key fragment at m/z = 798. After cleavage of the tripeptide unit Hyval/Val-Oxa-Deala, a further dipeptide Oxa-Deala loss resulted in the fragment ion m/z = 579 (IV+III).
V. Fragmentation of the linear peptide unit predominantly occurred by cleavage of the NH-CO bond between Deala(4) and Deala(3) forming a b-fragment ion (V b 10 ). Furthermore, formation of a c-type fragment (V c 9 ) by cleavage of a CH 2 =C-NH bond between Deala(3) and Pyr induced by the dehydroalanine structure was observed.
The fragmentation pathways derived from collision activated dissociation using a quadrupole ion trap (Table 1) were confirmed by high-resolution MS/MS in an FT-ICR mass spectrometer providing the elemental composition of key fragments (Table 2) . By comparison of MS 2 spectra, the position of valine in 2 was determined unambiguously. The information obtained on fragmentation pathways can be applied in further investigations on this class of substances to identify small amounts of derivatives.
The 1 H and 13 C NMR spectroscopic data of geninthiocin (1) and Val-geninthiocin (2) are summarized in Table 3 . The 13 C NMR spectrum of Valgeninthiocin (2) revealed the presence of 50 carbon atoms as for geninthiocin (1) , in accordance with the empirical formula. While the 1 H NMR spectrum of 2 showed 49 protons, of which 12 were D 2 O exchangeable, geninthiocin (1) exhibited 13 exchangeable protons. This pointed to one hydroxy group less in 2, in accordance with the empirical formula. The respective hydroxy signal (δ = 5.17) in geninthiocin (1) was replaced in 2 by the methine hydrogen signal of an isopropyl unit. Accordingly, the singlets of the geminal dimethyl group of hydroxyvaline in geninthiocin (1) at δ = 1.22 and 1.20 were substituted in 2 by a 6H doublet (δ = 0.97, J ∼ 6.6 Hz), whose coupling partner gave a multiplet at δ = 2.20. An isobutyl fragment was further confirmed by the 13 C NMR spectra of 2, which exhibited the replacement of the oxygenated β -carbon signal (δ = 71.0) of hydroxyvaline in 1 by a methine signal (δ = 29.5) in compound 2. Besides the values of hydroxyvaline, all other shifts were nearly identical with those of 1. The NMR data confirmed the MS-derived structure 2, for which we suggest the name Val-geninthiocin. According to the NMR and OR data, our 1-sample had the same absolute configuration as reported for geninthiocin in the literature [21] ; the same configuration is plausible also for 2.
Biological activities
Biological activities of geninthiocin (1), Valgeninthiocin (2) and chalcomycin were measured using the agar diffusion method. In comparison with 1, compound 2 showed slightly lower antibacterial activities against Gram-positive bacteria, viz. Bacillus subtilis, Staphylococcus aureus and Streptomyces viridochromogenes (Tü 57), and minor antifungal activity against Mucor miehei (Tü 284) and Candida albicans. Both compounds exhibited, however, no activities against the Gram-negative Escherichia coli and the microalgae Chlorella vulgaris, Chlorella sorokiniana and Scenedesmus subspicatus (Table 4) .
Experimental Section
Optical rotations: Polarimeter (Perkin-Elmer, model 243). UV/Vis spectra were recorded on a Perkin-Elmer Lambda 15 UV/Vis spectrometer. NMR spectra were measured on Varian Unity 300 and Varian Inova 600 spectrometers. Electrospray ionization mass spectrometry (ESI-MS): Finnigan LCQ ion trap mass spectrometer. High-resolution mass spectra (HRMS) were recorded by ESI MS on an Apex IV 7 Tesla Fourier-Transform Ion Cyclotron Resonance Mass Spectrometer (Bruker Daltonics, Billerica, MA, USA). Size exclusion chromatography was done on Sephadex LH-20 (Pharmacia). R f values were measured on a Polygram SIL F/UV 254 system (Merck, pre-coated sheets).
MS/MS studies
Samples of geninthiocin (1) and Val-geninthiocin (2) were dissolved in methanol/water (75/25) containing 0.1 % formic acid. Low resolution MS 2 and MS 3 measurements were performed on an LCQ quadrupole ion trap instrument (Finnigan, San Jose, USA) using electrospray ionization in the positive and negative ionization mode with an electrospray voltage of +/− 4.5 kV. Samples were introduced by means of a syringe pump with a flow rate of 3 µL/min. 
Taxonomy of the producing strain
The Streptomyces sp. RSF18 was isolated from the soil of a rose field at the province Punjab, Pakistan. The taxonomic status of the strain RSF18 was determined by preliminary physiological testing and 16S rRNA gene sequencing. Cultural characteristics were observed during the incubation at 27 • C for 21 d on GYM medium [27] . It formed a pale yellowish substrate mycelium, which changed to dark brown after 14 d of incubation. The aerial mycelium was powdery and characteristically whitish to grey in color on prolonged incubation. Melanoid pigment was produced, and a soluble, slightly orange pigment was formed. For the cultural characteristics, physiological properties, and utilization of carbon sources of strain RSF18 see Table 5 . Permissive temperature ranges for growth of the strain RSF18 were 20 to 37 • C with an optimum at 28 • C. Comparison of these characteristics with those of actinomycete species described in Bergey's Manual of Systematic Bacteriology [28] strongly suggested that strain RSF18 belongs to the genus Streptomyces. Taxonomic determination, PCR amplification and 16S rRNA gene sequencing were performed as described previously [29] . The nucleotide sequence of 1418 bp (accession number EU294139) of the 16S rRNA gene of the Streptomyces sp. RSF18 was determined in both strands. The alignment of this sequence through matching with reported 16S rRNA gene sequences in the gene bank showed high similarity (98 -99 %) to Streptomyces 16S rRNA genes. 
Chalcomycin
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B2, A1 Fig. 3 . Work-up scheme of the terrestrial Streptomyces sp. RSF18. 
M 2 medium
A solution of 10 g malt extract, 5 g yeast extract and 5 g glucose in 1 L of tap water was set to pH = 7.8 with 2 N NaOH and sterilized for 30 min at 121 • C.
Fermentation of isolate RSF18
The terrestrial isolate Streptomyces sp. RSF18 was inoculated from its storage culture on three M 2 agar plates and incubated for 96 h at 28 • C. The well-developed colonies were used to inoculate 60 of 1 L Erlenmeyer flasks each containing 250 mL of M 2 medium, and further incubated for 7 d as shaker culture (95 rpm) at 28 • C. The resulting yellowish brown culture broth was mixed with ca. 1 kg diatomaceous earth, pressed through a pressure filter giving filtrate and biomass, which were extracted separately. The filtrate was subjected to adsorption on Amberlite XAD-16, and the resin subsequently extracted with methanol. The methanol extract was concentrated, and the resulting aqueous residue was re-extracted with ethyl acetate followed by evaporation in vacuo to dryness, affording 1.30 g of brown extract. The mycelia phase was extracted 3 times with ethyl acetate followed by acetone (1 time). The acetone was evaporated from the aqueous residue, which was finally extracted with ethyl acetate. The combined ethyl acetate extracts were concentrated in vacuo to dryness giving 6.85 g of brown extract.
Isolation
Fractionation and purification of the mycelia extract (6.85 g) using silica gel column chromatography and elution with a CH 2 Cl 2 /MeOH gradient gave two crude fractions of 1 and 2. Further purification by PTLC and Sephadex LH-20 resulted in two colorless solids of geninthiocin (1; 78.6 mg) and Val-geninthiocin (2; 27.5 mg). Chromatography of the filtrate extract (1.3 g) using silica gel with a CH 2 Cl 2 -MeOH gradient followed by PTLC and Sephadex LH-20 (see Fig. 3 ) delivered chalcomycin as a white solid (19.8 mg).
Geninthiocin (1)
White amorphous solid. Yellow with anisaldehyde/sulfuric acid spraying reagent. Soluble in DMSO, MeOH,
